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Abstract 
In the recent years Space Time Block Coding has attracted the attention of the research community in the 
quest of 
achieve this aim, STBC exploits the spatial diversity. However, complexity challenges exacerbate when 
more than two transmit and more than one receive antennas are used. This paper presents the 
implementation of a low-complexity Maximum Likelihood (ML) decoding complexity of the Double 
Alamouti 4×2 STBC. The design exploits and takes advantage of the enhanced processing capability of 
an FPGA to achieve this aim. The scheme was first coded in MATLAB, then in ModelSim. Both 
MATLAB and VHDL performance results have been presented in terms of Symbol Error Rate (SER)  
versus Signal to Noise ratio (SNR)  for 4-QAM. 
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1. Introduction 
streaming has permeated into every aspect of modern life. To support these applications, extensive 
research has particularly been conducted on Multiple-Input Multiple Output (MIMO) Systems in the 
recent years. MIMO systems exploit spatial diversity and increase in channel capacity without requiring 
greater transmission power or at the expense of bandwidth [1].  
 
Multiple transmit and receive antennas are currently used to significantly enhance the performance of 
wireless communications of MIMO systems. Space Time Block Coding (STBC) has risen as one of the 
promising candidates in exploiting spatial diversity. 
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The work of Alamouti [2] suggested a STBC that achieves full rate utilising two antennas at the 
transmitting end and one antenna at the receiving end. However, complexity challenges still exist when 
more than two transmit and more than one receive antennas are used. 
  
This paper focuses on the design and implementation of a less complex Double Alamouti  4×2 STBC 
decoder. The paper discusses the Alamouti 2×1 scheme, derives the Double Alamouti 4×2 and then 
discusses a VHDL(VHSIC Hardware Description Language) implementation of the later. As the STBC 
implementation requires a high level of computational resources [3], the use of the FPGAs have the 
potential of providing a more comprehensive processing capability.  
The rest of the paper is organised as follows. Section 2 presents the MIMO System and channel model. In 
section 3, the Alamouti 2×1 and double Alamouti 4×2 are discussed. Section 4 presents the proposed 
VHDL implementation of the double Alamouti 4×2. Simulation results are discussed in Section 5. Finaly, 
conclusions are provided in Section 6. 
2. System and Channel Model 
In this paper, the MIMO channel model between the transmitter and the receiver is considered to be flat 
fading. The model assumes nT transmit antenna and nR receive antenna and can be represented by the nT × 
nR matrix bellow [7]:    
 
                                                               (1) 
 
where hi,j denotes the channel response between the transmit antenna  i and the receive antenna j. 
 
The key characteristic of MIMO systems is the capability to make multipath propagation be beneficial to 
the user so that when random fading caused by multipath propagation occurs, the probability of losing the 
signal dies out exponentially with the number of de-correlated antenna elements being used [1]. 
Moreover, it is common knowledge that the spacing between the elements in the antenna array has an 
immediate impact on the level of correlation between the channels associated to these antenna elements. 
  
Because the performance of the MIMO systems is influenced by the degree of correlation amongst the 
elements of the channel matrix, it is rational to presume nearly independent fading process when the 
distance is reasonably large, hence explaining the hypothesis of very low correlation between versions of 
the same signal, carried through different channels, which makes them very useful for combined detection 
[1] [4] [5].  
 
The MIMO system model may be represented as [8]: 
 
                                                                                                                      (2) 
 
where y represents the (nR ×1) matrix of the received symbols, H the  (nR × nT) MIMO channel matrix,            
s the (nT ×1) transmit symbol vector and n the (nR ×1) additive noise vector. 
3. Space Time Coding Schemes 
Two space-time block coding schemes are discussed in this section. The first is the well-known Alamouti 
STBC, and the second is a variant of the Alamouti, referred to as the Double Alamouti STBC.  
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3.1. The Alamouti 2×1 Scheme 
Alamouti [2] presented the first space-time block code scheme that provides full diversity for systems 
utilising two transmit antennas and one receive antenna. The Alamouti scheme exploits the spatial and 
time diversity to improve the quality of the received signal with a less complex processing at the 
transmitter and a linear decoding at the receiver.   
 
The encoder takes a block of two N-QAM modulated symbols,  and  from every encoding process 
that is mapped to two transmit antennas in two transmit periods based on a code matrix given by: 
 
                                                                         S = ,                                                                   (3) 
 
where * represents the complex conjugate.  Each row represents the first and second transmission periods 
respectively.  The first and second columns correspond to the symbols transmitted from the first and 
second antenna, respectively.  
 
The received signals, from the two transmission periods, can be expressed as: 
 
 
                                                          (4) 
 
where hi is channel response between the transmit antenna and the receive antenna. n1 and n2 represent the 
additive white Gaussian noise (AWGN). The channels are assumed to be constant during two consecutive 
symbol transmission periods, and the noise is modelled as independent complex random variables with 
zero mean and unit variance. 
 
The transmitted symbols  and  are estimated by a maximum-likelihood detector from the combining 
of the received signals, from Eq.4, at the decoder as [2]: 
 
 
                                                                (5) 
3.2. The Double Alamouti 4×2 Scheme 
The development of the double Alamouti 4×2 follows the approach proposed by Bastos et al. The scheme 
is made of two simple Alamouti schemes as shown in Fig.1: 
 
 
 
 
 
Fig.1. Double Alamouti 4×2 coding scheme. 
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The double Alamouti 4×2 scheme transmits four N-QAM symbols using four transmit antennas in two 
transmission periods making it a 2- rate code. The code matrix is given as [4]: 
                                                                                                                                          (6) 
 
As in the case of the Alamouti scheme, it is also considered  that the channels are assumed constant across 
two consecutive symbol transmit periods in this scheme. The received signals are obtained by performing 
the matrix multiplication given by [4].  
  
=                                                   (7)   
 
The above matrix is rewritten for the purpose of signal decoding as. 
 
                                                                             (8) 
 
The Maximum-Likelihood detection algorithm is used in the decoding process. The algorithm is given by 
[6]. 
                                                    (9) 
 
where    is the estimated symbol,   the set of N-QAM constellation,  the received signal and  the 
channel matrix. The detector then calculates the euclidian distance    in which the signal with 
the minimal distance is retained and taken as the estimate of the transmitted signal.  
 
Some other works have discussed the implementation of the 4×2 STBC. [9] presents rather a hybrid 
scheme that combines spatial multiplexing and STBC focusing on the enhancement of throughput and 
packet error rate performance within WLANs. In [10], the authors discuss a double layer STBC for 
distributed 4×2 MIMO systems making use of a full-rate full-diversity 2×2 MIMO scheme, presented in 
[11], as an inner layer coding and the Alamouti coding as the outer layer coding. The simulation of this 
scheme shows that a trade-off had to be made between complexity and performance. 
 
While [9] considers Zero forcing (ZF) as a detection method, both [10] and the scheme presented in this 
paper consider ML detection. However this work goes further in considering the FPGA implementation 
as discussed in section 4.                            
4. The Double Alamouti 4x2 STBC FPGA Implementation 
The Double Alamouti 4×2 STBC encoding and decoding have been carried out in MATLAB with 
successful results. However, this work has mostly focused on the implementation of this scheme in 
VHDL to exploit and take advantage of the enhanced processing capability of the FPGA. This is because 
the STBC implementation requires a high level of computational resources [3] that can successfully be 
.  
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The instance of the computational challenge faced has been the execution time in MATLAB of the 
computation of the ML detection and symbols estimation of the double Alamouti 4×2. Once more, this 
elucidates why the use of FPGA is paramount in performing such operations. 
 
As a result, a VHDL implementation of the Double Alamouti 4×2 decoding system is considered that 
assumes that there is perfect knowledge of the channel at the receiver. Fig.2 depicts the condensed block 
diagram of the system. 
 
The system is fed with the channel coefficients, received noisy signals, and the constellation of all the 
possible combinations of transmitted signals.  Eight channel coefficients are input in the format of their 
real and imaginary parts. As four signals are sent from the transmitting antennas, four received noisy 
signals are input to the system in their real and imaginary parts format as well. As the system makes use 
of 4-QAM modulation, the constellation of all the possible transmitted signals are mapped in 4×256 
matrix that are input one column at a time in performing the ML-detection algorithm [5].  
 
The channels coefficients and received signals are test vectors generated in MATLAB while the 
constellation is mapped in VHDL. Moreover these former signals are fed through a conjugation as their 
conjugates are needed for constituting the channel coefficient and received signals buffers needed in later 
stages of the decoding process. 
 
The Euclidian distances between the received signals and the constellation signals modified by the 
channels coefficients are computed and saved in a 1×256 matrix memory.  Then, a sorting operation to 
detect the least value and its index in this matrix is performed to estimate the transmitted signals. The 
estimates of the transmitted signals are the signals in the column of the constellation (a 4×256 matrix) 
corresponding to the index of the smallest value in the 1×256 matrix memory.   
 
Once the estimation of transmitted signals is done, the demodulation process is carried out to recover the 
transmitted symbols. Both MATLAB and ModelSim simulations have provided almost similar results; 
however a small loss is noted on the ModelSim graph especially for the low SNR values. Further work 
consists of testing the scheme on the COMSIS MimoKit equipment. 
 
5. Results 
In this section the performance of the double Alamouti 4×2, described in section 3, is presented. The 
encoding and decoding simulations were first carried out in MATLAB.  Perfect knowledge of the channel 
by the receiver was assumed and the channel was considered constant during two consecutive 
transmissions for both schemes.  
 
The decoding simulation was then carried out in VHDL through ModelSim. Fig.3 and Fig.4 show the 
graphs of the MATLAB and VHDL simulations  of the Double Alamouti 4×2 in terms of Symbol Error 
Rate (SER)  versus Signal to Noise ratio (SNR) for 4-QAM. The simulation was run for different numbers 
of transmitted symbols; and all the experiments yield the same results as shown in Fig.3 and Fig.4.  
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Fig. 2. MIMO Decoder diagram. 
 
The SER performance curve, Fig.4, shows the applicability of the implemented decoding scheme in many 
wireless communications standards such as such as IEEE 802.11 (wireless LAN), IEEE 802.16 
(WiMAX), and 3GPP Long-Term Evolution (LTE), because it adheres to the SER performance that is 
acceptable in these standards (10-6 to 10-1) for the given SNR ranges. 
 
 Fig.3 Performance results of the MATLAB Double 
Alamouti 4×2 scheme, 4-QAM.
 
Fig.4 Performance results of the VHDL Double Alamouti 
4×2 scheme, 4-QAM 
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6. Conclusion 
In this work a low-complexity Maximum Likelihood (ML) decoding of the Double Alamouti 4×2 STBC 
has been implemented. The Alamouti 2×1 code was first discussed, followed by the Double Alamouti 
4×2 STBC.  
 
Some other works discussing the implementation of the 4×2 space-time block coding were presented. 
Performance results of the Double Alamouti in both MATLAB and VHDL were shown.  The graphs of 
both simulations presented nearly similar curves. 
 
The future work of this research consists of implementing the simulations on hardware to validate the 
results acheived in MATLAB and ModelSim. 
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